A high energy synchrotron x-ray study of crystallographic texture and lattice strain in soft lead zirconate titanate ceramics J. Appl. Phys. 96, 4245 (2004) Polarization reversal in polycrystalline ferroelectrics is shown to occur via two distinct and sequential domain reorientation steps. This reorientation sequence, which cannot be readily discriminated in the overall sample polarization, is made apparent using time-resolved high-energy x-ray diffraction. Upon application of electric fields opposite to the initial poling direction, two unique and significantly different time constants are observed. The first (faster time constant) is shown to be derived by the release of a residual stress due to initial electrical biasing and the second (slower time constant) due to the redevelopment of residual stress during further domain wall motion. A modified domain reorientation model is given that accurately describes the domain volume fraction evolution during the reversal process. V C 2014 AIP Publishing LLC.
INTRODUCTION
Polarization reversal is a central functionality of ferroelectrics wherein the spontaneous polarization is reversed through the application of electric fields. As many ferroelectric materials are also ferroelastic, polarization reversal is often also coupled to ferroelasticity. Thus, while polarization reversal may occur in a single step through the motion of 180 ferroelectric domain walls, experimental evidence demonstrates that sequential steps involving non-180 domain orientation states also occur. [1] [2] [3] Figure 1 illustrates such a multi-step polarization reversal process in a tetragonal system where domains may exist with approximately 90 orientation relationships. Polarization reversal in ferroelectrics is often described by the nucleation and growth of reversed domains. A model for this behavior, introduced by Kolmogorov and Avrami and later extended by Ishibashi (KAI) [4] [5] [6] defines polarization reversal with respect to the volume fraction of reversed domains. The behavior of the one-dimensional case (i.e., the domain boundary moves in one direction after a plate-like nuclei forms) is predicted in the KAI model to be an equation of the form,
where g(t) is the volume fraction of switched domains at time t, and s is a time constant dependent upon the electric field magnitude. Fatuzzo and Merz empirically determined that the time constant, s, in this model is best described by an equation of the form
where s 0 is the characteristic time, E is the applied field, E 0 is the activation field, and n is a constant with values typically near unity. 7 It is often assumed that the net polarization is proportional to the volume fraction of switched domains, and thus the KAI model is used to directly interpret polarization measurements. In these cases, the KAI model has been shown to describe polarization reversal in certain epitaxial thin films 8, 9 but does not well describe the behavior of samples with larger characteristic features such as polycrystalline materials where emergent phenomena can occur at longer length and time scales. [10] [11] [12] In particular, the symmetric shape of the KAI model does not fit typical polarization reversal curves because these curves exhibit nonsymmetric and extended quasi-linear tails. [13] [14] [15] These aspects reflect a stretched time-dependent behavior and are thought to be due to mesoscale heterogeneities such as local electric field deviations leading to random distributions of switching time constants. Building on the KAI model, the Inhomogeneous Field Mechanism (IFM) addresses the observed distribution of relaxation times by replacing the single time constant at a given field, described by Eq. (2) 12, [15] [16] [17] The IFM model has been successfully used to describe the observed polarization reversal in soft lead zirconate titanate (PZT), a lead-free Bibased perovskite ferroelectric, and an organic ferroelectric. 15 The IFM model requires that the overall switching process be a collection of component processes in which the time constants are a smooth distribution. Thus, polarization reversal involving sequential steps such as those shown schematically in Figure 1 may require an alternative description. Since multiple domain reorientation steps may not be directly discriminated in the macroscopic polarization of a sample, a more direct measurement of the component domain behaviors can improve understanding. In the present article, time-resolved high-energy x-ray diffraction is used to identify the contributing domain reorientation steps in a polycrystalline ferroelectric perovskite during application of step electric fields. The electric fields are applied in an opposite direction relative to the initial electrical poling direction. A two-step domain reorientation sequence is observed which must underpin the macroscopic strain and polarization response. Moreover, a residual stress analysis during the reversal process is used to discriminate the driving forces for each of the steps. A domain reversal model is proposed that accounts for these two steps and is shown to accurately describe the experimental results.
EXPERIMENTAL
A PZT polycrystalline ferroelectric (PIC151, PI Ceramic, Germany) was selected for the present investigation. This composition has been well characterized for both industrial and scientific purposes. [18] [19] [20] [21] The material is on the tetragonal side of the morphotropic phase boundary (MPB) and is chemically modified to enhance domain wall mobility. The ferroelectric coercive field, E C , is approximately 1 kV/mm. In situ diffraction measurements were carried out at beamline ID15A of the European Synchrotron Radiation Facility using a beam energy of 69.47 keV. Further information about the diffraction geometry can be found in Refs. 22-24. Diffracted intensities were collected using a fast-decay x-ray image intensifier, coupled with a high frame rate camera (PCO.dimax S). Samples were initially poled using a 2 kV/mm field for 5 min at room temperature.
Step electric fields of 1.1 E C , 1.2 E C , and 1.3 E C were applied in a direction opposite to the initial poling field while diffraction images were collected in 1 ms time intervals. At these field strengths, the full polarization reversal process occurs on the milliseconds to seconds time-scale. 15 The diffraction images were distortion-corrected and radially integrated into 15 segments using the software package fit2d. 25 In this scattering geometry, the relative intensity of the (002) and (200) tetragonal doublet can be used to characterize the ferroelastic domain volume fractions at various angles to the applied electric field 24, 26 and the Bragg peak shifts can be used to investigate resultant lattice strains. The (002) and (200) tetragonal profiles were modeled using two Gaussian functions in order to extract relative intensities, which can then be used to calculate the volume fraction of reoriented domains following the methods of Jones et al.
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The (111) peak was modeled using a single Gaussian function to extract lattice strains. Figure 2 shows the (002) and (200) reflections with the scattering vector, q, parallel to the applied electric field vector, E, for selected states during the reversal process. In this geometry, the relative intensities of the (002) and (200) peaks are correlated to the ferroelastic domain volume fractions aligned in the field direction, i.e., a higher intensity (002) peak relative to the (200) indicates a greater volume fraction of domains oriented with their c-axis parallel to the electric field direction. The initial un-poled sample state in Figure 2 (a) is consistent with a tetragonal PZT with random domain orientations, i.e., an intensity ratio of the (002): (200) peaks of approximately 1:2. 26 The initial electrically poled state, shown in Figure 2 (b), exhibits a (002):(200) intensity ratio of approximately 4:3, indicating a significant increase in the volume fraction of domains aligned with their c-axis parallel to the electric field direction. Additionally, the poling process appears to introduce scattered intensity between the (002) and (200) tetragonal reflections. 27 This additional intensity is attributed to a field-induced rhombohedral or monoclinic distortion of the parent cell which has been observed previously in this material. 19, 20 Figure 2(c) shows the diffraction peak profile 1 ms after the application of an electric field of opposite direction; at this point, the profile is similar to that observed in the initial un-poled state. ferroelastic domain state. These results are consistent with the schematic presented in Figure 1 .
RESULTS AND DISCUSSION
The time dependence of the domain reorientation process was investigated by calculating the volume fraction of switched ferroelastic domains (Dg) from each measured diffraction pattern. Dg scales from À1/3 to 2/3, where 0 corresponds to the volume fraction of switched domains for the unpoled sample (i.e., g 002 ¼ 0). 26 Figure 3(a) shows the resulting Dg as a function of time after the application of step electric fields of amplitude 1.1, 1.2, and 1.3 E C . For all field amplitudes, the Dg during the polarization reversal process returns to a value close to that of the initial unpoled sample, i.e., 0. This result is consistent with the qualitative observation that the intensity ratio of (002) and (200) peaks at this position returns close to the values measured in an unpoled sample (Figure 2(c) vs. 2(a) ). These data reveal that the reversal mechanism occurs via sequential steps involving an intermediate ferroelastic domain state. Moreover, this observation and the results in Figure 3 The domain reorientation process shown in Figure 3 (a) can be described using a derivative of the KAI model in which the overall domain reorientation process is described by two individual components. The components are each described by an independent KAI model. The overall model is given as
where t is time elapsed, g 0 is the volume fraction of domains after initial poling, g ! and g " are the domain switching fractions during each sequential step, and s ! and s " are the unique time constants for each step within the process (in the present work, s ! ( s " ). Equation (3) has been fit to the reorientation of the domains in Figure 3(a) and is shown as a solid line. All values of s ! are less than 2 ms; a more accurate determination of this value is not possible due to the fact that most of this step occurred faster than the time resolution of the instrumentation. Alternative techniques may need to be employed to overcome this limitation. 35 The values of s " from the fits are approximately 110 ms, 16 ms, and 3.3 ms for reversal field magnitudes of 1.1, 1.2, and 1.3 E C , respectively. The values of s " are shown to be significantly longer than those of s ! . Following the extension of the KAI model to the IFM model, it is logical to suggest that each s ! and s " may be an independent and smooth distribution of values centered on the values reported here, and could be further improved by an IFM type modeling of each of the individual steps in Eq. (3).
In order to investigate the origin of the unique time constants associated with the domain reorientation process, elastic residual strains were investigated. It is known that certain grain orientations interact with domain reorientation behavior in other grains and can exhibit large elastic residual stresses. 24, 26, 28, 29 For tetragonal perovskite systems, the residual stresses can be observed by the lattice strains in (111) type diffraction peaks. Figure 4 shows the distribution of (111) lattice strains as a function of angle, w, between the diffraction vector, q, and the applied electric field vector, E, at selected points within the reversal process of the 1.2 E C sample. In the initial poled state, a residual tensile strain of approximately 1.2 Â 10 À3 is measured which is acting to compress the sample along the field direction, w ¼ 0. At the time at which the intermediate domain state is observed, a smaller residual strain of À0.5 Â 10 À3 exists. After the completion of the domain reorientation process, a significant tensile residual strain is again observed.
Domain wall motion can also be described using phenomenological models that involve pinning centers as a function of distance in the material. Boser 30 first introduced such models and these have been developed to describe random energy landscapes of pinning potentials for use in describing effects of mobile interfaces on properties, e.g., in modeling Rayleigh behavior in dielectric and piezoelectric properties of ferroelectric materials. [31] [32] [33] Tutuncu et al. added longer-range and stronger pinning potentials to this model in order to illustrate driving forces for the progressive loss of domain orientation, or deaging. 34 Residual lattice strains in grain orientations that do not deform ferroelastically, as observed in the present work, is a long-range driving force for domain wall motion and can therefore also be represented using an energy landscape of pinning potentials. Specifically, the residual stress provides an extra force for the motion of domain walls. Residual tensile strains may promote the backwards motion of domain walls relative to the initial poling direction and residual compressive strains may promote the forwards motion of domain walls. A modified pinning potential landscape is shown in Figure 5 that includes a bias resulting from residual stresses of selected grain families. After poling, a metastable domain wall position is identified. Under the application of an electric field of opposite direction, the domain wall motion is driven both by the applied electric field and the elastic residual stress. The domain wall passes an equilibrium position at which the elastic residual stress is minimum. However, the driving electric field remains constant and domain wall motion proceeds in the negative direction, albeit at a slow time constant. The two significantly different time constants observed in the present work can be rationalized using such a representation and are identified in two different regions of Figure 5 .
The structural insight provided by these time-resolved diffraction measurements affords critical information for the further development of models of polarization switching. The most remarkable feature of the measured domain reorientation is that the reversal process occurs with two distinct time constants that are significantly different. This observation suggests that the models often applied to polarization reversal kinetics, the KAI and IFM models, may not able to capture certain domain reorientation mechanisms wholly. This is because the KAI model assumes a single time constant for the switching process, while the IFM model assumes a smooth unimodal distribution of time constants, neither of which captures the two-step and independent time constants associated with the polarization reversal process observed here. Furthermore, because the intermediate domain state involves a local deformation of the unit cell, the two time constants should have unique signatures in the macroscopic strain. Measurement of the macroscopic strain under similar conditions and samples are shown in Figure  3 (b) and confirm this. This result suggests that macroscopic strain may provide unique information about this two-step polarization reversal process in similar materials. The intermediate domain state will also have an effect on the measured macroscopic polarization and models of this behavior may be extended based on Eq. (3).
CONCLUSION
In situ high-energy x-ray diffraction has shown that an intermediate domain orientation state exists during polarization reversal of a tetragonal ferroelectric under application of step electric fields. The measurements uniquely identify two independent time constants reflecting a sequence of domain reorientation steps. The first and faster time constant is shown to be strongly affected by the residual stress that was developed during the initial poling of the material. The second and slower time constant is associated with domain wall motion acting to redevelop the elastic residual stress. A new polarization reversal model was introduced to account for the two-step reorientation process and shown to agree quantitatively with both the measured domain volume fraction and macroscopic strain data.
